The genus Lagerstroeniia, which is native to SoutheastAsia and Indo-Malaysia, contains several species that have been in cultivation for centuries as ornamentals or for timber. While most species have small inconspicuous pale white to lavender flowers, a few have larger more colorful flowers that have an ornamental appeal. Confusion exists on the exact number of species in the genus, with reports ranging from 56 (Furtado and Srisuko, 1969) to 80 (Cabrera,
for unique color or growth habit (Egolf and Andrick. 1978) . Breeding of crapemyrtle in the U.S. was pioneered by Otto Spring of Okmulgee, Okla., who released a number of cultivars through Monrovia Nursery of California, and Donald Egolfat the U.S. National Arboretum. Both breeding programs focused initially on improving horticultural traits of L. indica by intra-specific hybridization. The discovery at the U.S. National Arboretum that L.fauriei, introduced from Japan in 1956 (Creech, 1985) , was resistant to powdery mildew was the impetus for a Lagerstroemia inter-specific breeding program. This work resulted in the release of more than 20 interspecific hybrids (Egolf, 1981 (Egolf, a, 1981 (Egolf, b, 1986a (Egolf, , 1986b (Egolf, , 1987 (Egolf, , 1990 Pooler, 2006b; Pooler and Dix, 1999) and successfully combined the powdery mildew resistance of L. fauriei with other horticultural traits from L. indica. Several of the U.S. National Arboretum inter-specific releases have also demonstrated increased resistance to cercospora leaf spot (Hagan et al., 1998) , flea beetles (Altica spp.), and Japanese beetle (Pop/i/ia japonica Newman) (Pettis et al., 2004) . Continued breeding with germplasm derived from Otto Spring's breeding program has resulted in the release of several popular cultivars with unique flower colors (Whitcomb, 1985 (Whitcomb, , 1999 (Whitcomb, , 2000 (Whitcomb, , 2004 Whitcomb et al., 1984) .
Flowers of L. indica range from 2 to 5 cm in diameter and are borne in panicles up to 50 cm in length. Flowers have two spatially and morphologically distinct staminal whorls which produce dimorphic pollen. Six solitary stamens with thick, long, purple-red filaments and large red anthers that bear dry green pollen are located in front of sepals (antesepalous) on the floral tube. Many smaller stamens are positioned opposite the petals (antepetalous) and slightly higher in the tube, and have shorter tan filaments and anthers that contain large amounts of sticky yellow pollen. The antepetalous stamens provide an abundant pollen reward to insects attracted to the nectarless flowers while antesepalous pollen effects pollination (Faegri and van der PijI, 1979; Nepi et al., 2003) . Germination studies of L. indica pollen confirmed that only antesepalous pollen is capable of impregnating ovules (Pacini and Bellani, 1986) . Dimorphic pollen is also produced by L.Jàuriei (Kim et al., 1994) .
Floral morphology and the prevalence of many types of pollinating insects such as bees and wasps that visit crapemyrtle flowers in the landscape are strong indicators that L. indica and L. fauriei are predominately cross-pollinated in nature. Information on the reproductive behavior of species is essential for conducting efficient plant breeding efforts. Species that are predominantly cross-pollinated vary in their response to inbreeding (Poehlman, 1987; Allard, 1960) . Self-pollination can be useful to plant breeders for producing homozygous lines for traits such as flower color, pest resistance and growth habit. Conversely, a strong selfincompatibility mechanism would eliminate the need for time-consuming emasculations or could mask deleterious genes. The literature on barriers to self-fertilization in crapremyrtle is Abstract. Crapemyrtle (L. indica and L. indica x L.fauriei hybrids) is one of the most popular flowering landscape plants in the U.S. Although many cultivars have been developed through breeding efforts, little has been published on the reproductive biology of the genus. The objective of this study was to evaluate barriers to successful self-seed production in crapemyrtle. Self-compatibility was assessed by comparing pollen tube growth, fruit and seed production, and seed germination following controlled self-and cross-pollinations. Observations of pollen tube growth at intervals up to 24 hours after self-and cross-pollination indicated no barriers to self-fertilization acting at the stigmatic or stylar level in L. indica, L. fauriei or cultivars derived from inter-specific hybrids of these two species. Self-pollinations of 'Catawba', 'Whit IV', 'Tonto' and 'Tuscarora' had lower percent seed pod set and seed germination than did cross-pollinations of these cultivars. The number of seeds per pod was lower when 'Catawba', 'Whit IV' and 'Tuscarora' were self-rather than cross-pollinated, but no difference between 'Tonto' self-and cross-pollinations was observed. When decreased pod set is combined with much lower seed germination for self-pollinations, selling of crapemyrtle is extremely unproductive when compared to cross-pollination. A late-acting self-incompatibility system or inbreeding depression is indicated for L. indica and inter-specific crosses with L. fauriei. sparse and contradictory. More than 25 years ago Egolf and Andrick (1978) reported that research was being conducted at the University of Florida and Takii Seed Company of Japan to develop inbred lines of L. indica, but research results have never been published or commercialized. Results from controlled pollinations of L. parvulora and L. indica indicated that pollen tubes of selfed plants were inhibited in the style, which is characteristic of gametophytic self-incompatibility (Sarren and Kaur, 1991) . Results from decades of breeding records at the U.S. National Arboretum indicate that viable seed is produced from self-pollinations of L. indica and L. indica L.fauriei (Pooler, 2006a) .
More information on the effects of various mating combinations on reproduction of Lagerslroemia cultivars is needed for use in genetic improvement programs. The objectives ofthis study were to evaluate self-compatibility of L. indica, L. fauriei, and L. indica x L. fauriei hybrids. Self-compatibility was assessed by comparing fruit and seed set, seed germination, and pollen tube growth following controlled self-and cross-pollinations.
Materials and Methods
Plant materials. Cultivars used in the various studies were a subset of the cultivars currently used as parents in the crapemyrtle breeding program at the Southern Horticultural Laboratory. 'Acoma', 'Apalachee', 'Osage', 'Tonto', and 'Tuscarora' are complex hybrids between L. indica and L.fauriei (Egolf, 1981b (Egolf, , 1986a (Egolf, , 1986b (Egolf, , 1987 (Egolf, , 1990 , while 'Arapaho' is a hybrid among L. indica, L. fauriei, and L. limii (Pooler, 2006b ). All cultivars have proven pest resistance (Hagan et al., 1998; Pettis et al., 2004) . 'Low Flame', 'Catawba', 'Seminole', 'Whit IV' (Red Rocket), and 'Whit VII' (Siren Red) are L. indica cultivars selected for tolerance to powdery mildew and other desirable horticultural traits (Egolf, 1967 (Egolf, , 1970 Egolf and Andrick, 1978; Whitcomb, 1999 Whitcomb, , 2000 Whitcomb, , 2004 . 'Kiowa' and P1237884 are L. faurii cultivars (Pooler, 2003; Poolerand Dix, 1999) . Plants used for pollinations were grown in #3 containers in pine bark medium top-dressed with 6.6 kgm 3 I 9N-2. 1 P-7.4K Osmocote Pro fertilizer (Scotts-Sierra Horticultural Products Co., Maryville, Ohio).
Pollinations. One day before beginning pollinations, seed pods and open flowers were removed from panicles of plants to be used as female parents. These plants were kept in mesh covered cages (1.5 x 1.0 x 1.0m) throughout pollinations to exclude pollinators. Pollen was collected from another group of plants by removing flowers one day ahead of pollination in early morning before anthesis, extracting anthers onto white paper and allowing pollen to dehisce at room temperature (21 °C). Pollen was collected into Petri dishes after about 3 h. The following morning, all newly opened flowers on cultivars in isolation cages were emasculated before anther dehiscence and flower petals removed. Pollen collected the previous day was applied to stigmas using a fine-tipped brush. For self-pollinations, pollen was collected from flowers of the same cultivar as the emasculated flower. When pollinations for a study were completed, all remaining flower buds were removed. Plants were left in isolation cages for an additional week until pod development was evident or flowers had senesced.
Pollen germination andpollen tube growth. Cross-and self-pollinations were made using two L. indica cultivars, four L. indica x L. fauriei cultivars and one L. fauriei accession as maternal parents (Table I) . Temperatures ranged from 21 °C (night) to 33 °C (day). Ten flowers from each set of cross-and seif-pollinations were collected at 1, 4, 8, and 24 h after pollination and placed into FAA fixative (18:1:1, 70% ethanol-formalin-glacial acetic acid) (Johansen, 1940) . After48 hat room temperature in fixative, flowers were transferred to 70% ethanol. Before staining, flowers were rinsed for 30 min in distilled water and then softened using 8 N NaOH for I h. Flowers were rinsed in distilled water for 30 min and then transferred to 0.1% (w/v) aniline blue in 0.1 N KPO4 for I h (Martin, 1959) .
After staining, the stigma and style were placed on a microscope slide in a drop of aniline blue stain, squashed under a cover slip, and observed using a microscope (BX-60; Olympus America, Inc., Melville, N.Y.) equipped with a I 00-W high-pressure Hg lamp and an U-MNV near-ultraviolet (400 to 410 nm) filter. Callose was observed as a bright yellow-green fluorescence and was used to detect pollen germination and growth of the pollen tubes through the styles. Percentage of flowers in which germinated pollen was present was determined for each treatment. The three longest pollen tubes in each style were measured using an ocular micrometer, and averaged to yield a mean pollen tube length per flower. Student's t test was used to compare mean pollen tube length between each set of cross-and self-pollinations at each collection time.
Fruit set, seed set, and seed germination. Pollinations were made on two plants of each cultivar used as the female parent. A completely random design was utilized with flower panicle as the experimental unit. Flowers within a panicle were crossed to a designated male and the number ofpollinations per panicle was recorded each day. A minimum of 150 pollinations per parental combination was performed using at least 10 panicles over 14 d. Temperatures ranged from 21 °C (night) to 33 °C (day). Three weeks after the last pollinations were completed, the number of seed pods per panicle was recorded. Percentage pod set was calculated by dividing the number of pods per panicle by the number of pollinations made within the panicle and multiplying by 100. PROC MIXED was used to perform analysis of variance and LSMEANS was used to calculate (values to compare mean percent pod set between each set of cross-and self-pollinations for adesignated female cultivar (SAS 9. 1, SAS Institute, Cary, NC., 2003).
Pods were harvested when they began to turn from green to brown, and stored in individual paper envelopes at 21 °C. Twenty pods of each parental combination were randomly selected and seed were extracted and counted. Ten months after harvest, seeds from individual pods were planted in 12 cm square 
'Cross-pollinations used in the study were 'Acoma' x 'Tonto'; 'Apalachee' x 'Usage'; 'Low Flame' x 'Seminole'; 'Usage' x 'Apalachee'; 'Seminole' x 'Low Flame'; 'Tonto' x 'Acoma'; L.fauriei P1237884
x 'Kiowa'.
Significant at P 0.05 based on paired (tests of each set of cross-and self-pollinations. pots in Pro-Mix BX (Premier Horticulture, Inc., Quakertown, Pa.) medium. Germination occurred under ambient summer conditions (about 21 °C nights, 33 °C days) with supplemental irrigation. After four weeks, the number of germinated seedlings was recorded and germination percentage calculated. Seed count and germination data were analyzed in the same manner as pod set.
Results

Pollen germination andpollen tube growth.
Germinated pollen was observed on stigmas of all Lagerstroemia cross-and self-pollinated flowers, even those collected I h after pollination (Fig. 1 A) . While differences in pollen tube length were occasionally observed between cross-and self-pollinations, these differences were minor and usually only occurred at one of the four sampling times (Table 1) . Pollen tubes of cross-and self-pollinations reached the bottom ofthe style by 24 h after pollination. In both cross-and self-pollinated specimens in which a few ovules had been squashed along with the stigma and style, pollen tubes were observed entering the micropylar end of the ovule at 24 h after pollination (Fig. I B) . Although amount of pollen grains applied to stigmas was not quantified, number of pollen tubes that grew to the base of the stigmas by 24 h after self-and cross-pollination was clearly in excess of number of ovules present in Lagersiroemia ovaries.
Fruit set, seed set and seed germination. Seed pod set ranged from 3.7% to 33.6% for self-pollinations and from 35.3% to 77.5% for cross-pollinations (Table 2) . Pod set was significantly lower for self-pollinations than for cross-pollinations in all fourcultivars evaluated as female parents.
The number of seeds per pod ranged from 25.0 to 31.0 in self-poll inations and from 24.4 to 38.1 in cross-pollinations. Self-pollinations of 'Whit IV' and 'Tuscarora' produced fewer seed than did cross-pollinations of these cultivars. For 'Catawba', the number of seeds per pod when selfed was not significantly different than when crossed to 'Arapaho' but was lower than when 'Tonto' was used as the male parent. There was no difference in the number of seeds per pod for'Tonto' when it was selfed or outcrossed.
Seed germination ranged from 4.2% to 7.8% in self-pollinations and from 11.0% to 44.4% in cross-pollinations. Germination of all crosses might have been better if seed lots had been processed to remove defective seeds with undeveloped embryos before sowing. Seed produced from self-pollinations of 'Catawba', 'Whit IV' and 'Tuscarora' had reduced germination as compared to that obtained from cross-pollinations of these cultivars. 'Tonto' x 'Whit VII' and 'Tonto' x 'Whit IV' seed germinated better than did 'Tonto' selfed seed, but there were no differences in germination between 'Tonto' self-and cross-pollinations when 'Arapaho' or 'Catawba' were used as the male parents.
The combination of reduced pod set, seed set and seed germination greatly reduce the number of viable seeds that would be expected from a given number of self-pollinations as compared to cross-pollinations ofthe same cultivar (Table  2) . Numberofviable seedper pollination ranged from <0.1 to 0.5 for self-pollinations and from 1.0 to 7.7 for cross-pollinations. The most extreme difference was observed in 'Tonto' where crosses with 'Whit IV' yielded 50 times more seed than set f-pollinations.
Discussion
Self-incornpatibility(SI) isthe inability ofa plantwith functional male and female gametes to set seed when self-pollinated (Brewbaker, 1957) . In sporophytic SI, germination of incompatible pollen is inhibited at the stigmatic surface, while gametophytic SI is manifested by an inhibition of pollen tube growth in the style (de Nettancourt, 1977) . Pollen germinated freely following both self-and cross-pollinations of all tested crapemyrtle cultivars. Only slight differences in growth rate between self-and cross-pollen tubes were observed. There does not appear to be a strong barrier to self-fertilization acting at the stigmatic or stylar level in L. indira, L.friuriei or cultivars derived from hybrids of these two species.
Our results are in conflict with findings of Sateen and Kaur (1991) who indicated that both L. indica and L. parvflora display gametophytic self-incompatibility. At 144 h afterpollination, they observed that cross-pollen tubes had reached the ovules, whereas self-pollen tubes had traversed only to the middle portion of styles. Plant materials used in that study were characterized only as five cultivated plants of each species. Environmental conditions at the time of pollinations were not defined, and no statistical comparisons between self-and cross-pollinations were presented.
Self-incompatibility systems that operate at the ovarian or ovular level have been found to be much more common than originally thought, especially among woody species (Porcher and Lande, 2005; Sage et at., 1994; Seavey and Bawa, 1986) . These systems, which are collectively referred to as late-acting SI, involve inhibition of incompatible pollen tubes before the ovule is reached, prefertilization inhibition in the ovule, postzygotic rejection or ovular inhibition of unknown cause. Since pod set and seed germination were much lower in selfpollinations of'Catawba', 'Whit IV', 'Tonto' and 'Tuscarora' than in cross-pollinations and there was no evidence of a sporophytic or gametophytic SI system, a late-acting SI system could be indicated. However, it is often difficult to differentiate between late-acting SI and early-acting inbreeding depression (Charlesworth, 1985 Whit IV (I) 56.0 ± 5.4" 26.1 ± 1.8 34.5 ± 3.5" 5.0 Whit VII (I) 42.8 ± 6.9" 24.4+ 1.4 19.6 ± 4.7" 2.0 Tuscarora (I/F) Selfed 2 ± 5.7" 29.5 ± 1.2' 39.4 ± 4.4" 5.7 Catawba (I) 31.0 ± 1.3" 37.3 ± 4.3" Whit IV (I) 31.5 ± 1.3" 38.5 ± 3.8" Whit VII (I) 50.5 ± 6.0" 34.3 ± 1.9" 44.4 ± 4.8" 7.7 Whit IV (I) 54.6 ± 9.1" 38.1 ± 1.3" 23.2 ± 3.7" 4.8 Tonto (I/F) 77.5 ± 6.4" 37.8 ± 1.4" 25.5 ± 2.3" 7 Results of this study are in agreement with the observation made in the crapemyrtle breeding program at the U.S. National Arboretum that Lagerstroernia self progeny can be obtained (Pooler, 2006a) . The low seedling yields generated by self-pollination observed in our study may explain why efforts to develop inbred lines ofcrapemyrtle with uniform traits have never reported success (Egolf and Andrick, 1978 
